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ABSTRACT  The urodele amphibians,  Amphiuma and Necturus, provide  heart 
fibers large enough to serve for microelectrode recording under visual  control 
with the microscope. Bundles containing  as few as 5  to  10 fibers yield spike 
potentials, rather than the plateau forms generally considered to be characteris- 
tic of heart muscle. These spikes fail to overshoot. The plateau form, and only 
the  plateau  form,  is recorded  exclusively from  large  tissue masses.  An  inter- 
mingling of spikes and plateau-shaped action potentials is obtained from bundles 
of intermediate  size.  These data  are  confirmed  in  experiments  in  which  the 
myocardium is sliced into adhering  strips of unequal sizes.  The conclusion is 
drawn that the configuration of the recorded action potential curve is contingent 
upon the mass and geometry of the tissue impaled by the microelectrode. The 
crucial experiment of recording from an isolated single heart fiber is not possible, 
because of the attendant  injury.  Our proposal that  the spike form is the ele- 
mental heart  action potential  is,  to this extent,  an extrapolation.  Attempts to 
explain the nature of the spike along classical lines are not entirely satisfactory. 
Other theories are considered which, in their turn,  are generally unacceptable. 
Evidently only further experimentation can clarify the situation. 
INTRODUCTION 
It has  long been recognized  that  the presence of a  plateau  distinguishes  the 
form  of the  heart  action  potential  from  that  of the nerve  fiber.  Also,  it has 
been generally accepted since the time of the initial microelectrode recordings 
(9)  that  the prolonged  state of depolarization  is  the unitary  response  of the 
membrane  at  the  cellular  level.  Very  recently,  however,  evidences  have 
been  advanced  for the idea  that  the  recorded  response  is  in  reality a  com- 
posite of fast and  slow potentials  (11,  15,  17,  21,  32). 
Our  approach  to the problem of the nature  of the elemental  heart  action 
potential  has been to attempt  to record by microelectrodes from an isolated, 
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single fiber. Because the urodele amphibians are reputed to possess the largest 
body cells of all  the vertebrates,  we have studied the electrical properties of 
the myocardial fibers of two genera:  Amphiuma  means (Congo eel,  Louisiana) 
and  Necturus  maculosus  (mud  puppy,  Wisconsin).  To  what  extent  we  have 
succeeded in our undertaking is described in the pages that follow. One thing 
is certain.  The size and topography of the tissue are not without effect on the 
configuration  of  the  action  potential  recorded  by  the  microelectrode.  A 
principal finding has been that action potentials recorded from small bundles 
lack the plateau  entirely and may be said to have a  spike configuration  (7). 
MATERIALS  AND  METHODS 
Animals  As previously stated,  the hearts  of Amphiuma and  Necturus were the 
principal sources of material.  The heart of the common leopard frog was also used. 
Spontaneously  beating  preparations  of  the  exposed  endocardium,  immersed  in 
Ringer's solution, were mounted on a paraffin block over a hole which allowed for 
transillumination.  The  tissue was protected from  the  intense  heat  of illumination 
by a water cell. 
Solutions  The Ringer solution used for the cold-blooded vertebrate hearts had 
the following composition (raM): Na 138.6, K  3.2,  Ca 1.3, Mg 1.2, CI I18.85, HCOa 
20.6, H2PO4 3, SO4 1.2, glucose 16.5 (19). 
Electrical Recording  Electrical  activity was measured  by glass  microelectrodes 
filled with 3 M  KCI solution. The resistance of these electrodes was 10 to 20 megohrns. 
A  transistorized  preamplifier  (I)  was interposed  between the  microelectrodes and 
the dual-beam oscilloscopes  (DuMont types 333  and  41 I)  used in monitoring  and 
photographing.  The preamplifier, which had an input resistance of I09 ohms and a 
grid  current  less  than  I0  -x2  amperes,  was  operated  at  unity  gain.  Oscillographic 
recording was carried  out with a  Polarold-Land  type camera  (DuMont type 297). 
None of the figures in this article has been retouched. 
The  potentials  were  measured  between one  Ag-AgCI  electrode inserted  in  the 
3 M KCI solution contained in the microelectrode,  and  another Ag-AgCI electrode 
immersed in a beaker of 3 M KCI connected to the Ringer bath by way of an agar- 
Ringer  bridge. The  latter electrode was grounded. Junction potentials were of the 
order of I0 my. 
Impalements  of  the  endocardium  were  carried  out  with  a  mlcromanipulator 
while observing through the microscope. A 10X objective (N.A. 0.25) of long working 
distance (4.8 mm)  was used in conjunction with either  a  9X,  or a  15X, wide field 
ocular. At times flexibly mounted microelectrodes were employed (29). 
RESULTS 
Representative  microelectrode recordings from the atrium,  spongy ventricle, 
and pacemaker region of the Amphiuma  heart are shown in Figs.  1A,  1B, and 
1  C,  respectively.  The  values for the  resting  potential,  action  potential,  and 
overshoot  fall  within  the  ranges  reported  for  other  vertebrate  membrane L. CHURNEr AND H.  OHSHIMA Action Potentials from Heart Muscle  lO3I 
potentials.  Also,  the  configurations  of the  action  potential  curves  resemble 
those  of curves  recorded  from  the  corresponding  structures  of the  hearts  of 
other animals  (14,  Fig.  I-1,  p.  6).  So,  the rising  phase  of the atrial  and  ven- 
tricular  curves is abrupt  and  without notching.  The falling limb of the atrial 
curve is steeper initially than  that of the ventricular  curve and  the plateau is 
less  obvious.  The  pacemaker  curve  is  characterized  by  a  slow  diastolic  de- 
polarization  which  culminates  in an  abrupt  upstroke  at  the  critical  level for 
firing. 
FIGURES IA, 1B, and IC.  Microelectrode recordings from  the  atrium,  ventricle, and 
pacemaker regions, respectively, of the Amphiuma heart.  Calibration,  120  mv,  except 
Fig. 1C, which is 60 my. Time, 200 msec. The heavy line  just below the time marks is the 
zero level. 
FIGURES 2A, 2B, and 2C.  Microelectrode recordings from Amphiuma  ventricular bundle 
of 20 to 50 fibers.  Calibration, 120 inv. Time, 200 msec. The heavy line just below the 
time marks is the zero level. 
Action  potentials  recorded from  the  discrete bundles  of these same  tissues 
are  very different  from  those  described for  the  large  heart  masses.  Fig.  2A 
is  a  microelectrode  recording  from  a  ventricular  bundle  of 20  to  50  fibers 
located near  the A-V groove.  The  appearance  in  the records  of a  variety of 
action  potential  curves is  more  usual  than  not  (Figs.  2B  and  2C).  The  first 
two  complexes  in  Fig.  2A  have  a  configuration  like  that  of a  heart  action 
potential.  The  last  two  complexes  may  be  said  for  descriptive  purposes  to 
resemble the spike potentials of nerve. The falling phase is convex to the time 
base, and there is no sign of a  plateau.  The duration of the second complex is 
600 msec. at a  heart rate of 60 beats/min.,  whereas the duration of the fourth lO32  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  46  •  I963 
action potential  is only 200 msec.  at the same heart rate.  In the case of Fig. 
2C  the  rate  of  beating  of  the  preparation  has  undergone  a  spontaneous 
shortening  and  it  may  be  that  this  is  the  cause  of the  loss  of the  plateau. 
Nevertheless,  the cycle length is still considerable  (more than  a  second),  and 
the onset of the second action potential  definitely occurs after the termination 
of the first.  The plateau type action potentials in these records lack the over- 
shoot characteristic  of ventricular complexes (Fig.  1B).  This may be attribut- 
able to the existence of low resting potentials.  This is not so in the case of the 
spike  potentials  which  regularly  fail to  overshoot even at  high  values of the 
resting potential  (Figs.  3, 4C, 5C,  6D,  7E).  Perhaps the most unusual feature 
of these  recordings  is  the  constancy  of the  resting  potentials  in  the  face  of 
sequences of unlike  action potentials. 
FIGURES 3A, 3B, and 3C.  Microelectrode  recordings from  locus  of  intersection  of 
several frog atrial  bundles. Calibration,  120 mv. Time,  200 msec. The heavy line just 
below the time marks is the zero level. 
Figs.  3A,  3B,  and  3C  are microelectrode  recordings  from  the  frog  atrium 
at  the  locus  of  intersection  of  several  small  bundles.  Coupled  rhythm  is 
evident in  Fig.  3A,  but not in Figs.  3B  and  3C.  In  these  figures  there  is  an 
intermingling  of  spikes  and  plateau-shaped  action  potentials.  The  resting 
potential  is  quite  constant;  note  in  particular  the  striking  similarity  in  the 
diastolic potentials preceding complexes 6 and 7 in Fig. 3B. Fig. 3C is included 
because the upstrokes of the two spike potentials are almost free of the notch- 
ings to be seen in the upstrokes of the spikes in Figs. 3A and 3B. A small notch 
is still apparent at the very foot of the rising phases and, at least to this extent, 
there are admittedly some extracellular  components in the record  (26).  Once 
again  the  spikes  fail  to  overshoot  and  are  smaller  than  the  plateau-shaped 
action  potentials.  It  may  be  significant  that  in  at  least  two  of the  records 
(Figs.  3A and  3B)  the  peak of each spike terminates  almost  precisely at  the 
level  at  which  the  upstroke  of the  plateau-shaped  action  potential  shows  a 
reduced slope. 
Figs. 4A, 4B, 4C, and 4D are recordings from the Necturus atrium made by 
a  suspended  electrode  in  a  region  in  which  there  was  considerable  criss- L. CHURNEY AND  H.  OHSHIMA  Action  Potentials  from Heart Muscle  Io33 
crossing of large  and  small bundles.  The wide variety of complexes seen in 
the figures was registered by a  series  of impalements covering a  distance of 
perhaps  100  to  200  microns.  Coupling  is  present  in  all  the  sequences.  In 
Figs. 4A, 4B, and 4C the first action potential of the coupled beats is a  spike; 
the second a  typical, atrial action potential. As in the previous records,  the 
amplitude of the spikes is less than that of the typical heart action potentials. 
The lack of overshoot, which may now be considered a  prime characteristic 
of the  spike  potential,  is  quite  apparent  (first two  complexes,  Fig.  4C).  A 
FIOORES 4A, 4B, 4C, and 4D.  Microelectrode recordings from locus of intersection of 
several atrial bundles of Necturus. The first three figures show the same phenomenon as 
those of Fig. 3, with the additional feature of block. In Fig. 4D the complexes  are normal 
atrial potentials. Calibration, 120 my. Time, 200 msec. The heavy line just below the 
time marks is the zero level. 
reduction in both the resting and action potentials is seen in Fig. 4B,  and in 
the last two  sets of complexes in  Fig.  4C.  The diminished resting potential 
indicates  leakage  around  the  electrode  (5),  while  the  diminished  action 
potentials  are  viewed  as  a  consequence of the  reduction of the  resting po- 
tentials (28, p. 72).  Fig. 4D shows how at times both complexes of the coupled 
beat may be  typical atrial action potentials. 
The patterns recorded in Figs. 3 and 4  are essentially similar, even though 
they have been recorded from the atria of different animals. The spikes shown 
in Figs. 4A and 4B show evidence of block, which is not apparent in the other 
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forms from untreated  atrial  muscle  (4),  the  spikes  recorded in  Figs.  3  and  4 
are  unusual  in  the  brevity of their  duration  (for the  slow  heart  rate),  their 
configuration, and  their failure to overshoot. 
Fig.  5A  shows  two  sets  of records made  on  a  small  ventricular bundle  of 
Amphiuma containing even fewer fibers  (5 to  10)  than in  the preceding cases. 
The  microelectrode  was  directed  to  the  bundle  by  means  of  the  micro- 
positioner  while  observing  under  the  microscope.  The  upper  trace  is  the 
FmURE 5A.  Microelectrode recordings  from Amphiuma ventricular bundle  of 5  to  10 
fibers. Upper trace, zero level and (triphasic)  volume conductor responses. Lower trace, 
monophasics  following impalement.  Fig. 5B.  Microelectrode recordings  from spongy 
ventricle of same preparation. Upper trace, zero level and (polyphasic) volume conductor 
responses. Lower trace, monophasics  following impalement.  Fig.  5C.  Microelectrode 
recordings from thin ventricular bundle (frog). The heavy line just below the time marks 
is the zero level. Calibrations  for Figs. 5A, 5B, and 5C, 120 mv. Fig. 5D.  Microelectrode 
recordings from Necturus  ventricle immersed in oil. Upper trace (just below line with time 
marks),  externally recorded diphasic  curves.  Lowest  trace, monophasics  following im- 
palement at the same point.  Middle trace, monophasics  (spikes) following impalement 
at another point. Time, 200 msec. Sweep is non-linear in Fig. 5A. 
volume conductor recording obtained when  the microelectrode was  brought 
into close contact with the outer surface of the bundle. Basically, each electro- 
gram  is  triphasic.  There is  an  initial,  brief diphasic  complex consisting  of a 
sharp  positive  deflection  signalling  the  approach  of excitation,  and  a  sharp 
negative deflection indicating  the arrival of excitation beneath the electrode. 
This  diphasic  complex is  succeeded  by  a  longer  lasting  positivity associated 
with electrical recovery. 
The  three monophasic  action potentials  seen in  the lower trace of Fig.  5A L. CHURNEY AND H.  OHSHIMA Action  Potentials  from Heart Muscle  IO35 
were  recorded  upon  impalement.  They  look  like  nerve  spikes.  This  is  the 
expected configuration  on the basis of the triphasic  volume conductor curves 
recorded  in  the  upper  trace  (16).  The  duration  of these  spikes is  about 200 
msec.  at a  heart  rate of 15 beats/min.  Compare  this value with that  of 1200 
msec. for the duration of action potentials recorded from the main ventricular 
mass at a  heart rate of 20 beats/min.  (Fig.  1B).  The volume  conductor  curve 
recorded  by  the  microelectrode  (Fig.  5B)  now  shows  the  typical  textbook 
pattern:  source-sink,  sink-source  (6).  It  is  evident  that  the  configurations  of 
the  volume  conductor  curves  are  in  agreement  with  those  predicted  from 
potential  theory. 
Action  potentials  recorded  from  amphibian  bundles  made  up  of as  few 
fibers as in the preceding  case have been consistently spike-like in form.  Fig. 
5C shows four action potentials recorded from a  small group of fibers isolated 
by  several  slices  made  in  a  frog  ventricle,  where  isolated  bundles  do  not 
occur naturally.  Here too, the transients  are definite spikes of short duration. 
Fig.  5D is an  unusually  clear example  of the  two types of complexes  that 
can  be recorded  from  an  amphibian  (Neclurus)  ventricle  (lower two traces). 
This preparation  had  been flooded with oil to increase the magnitude  of the 
externally  recorded  electrogram  (upper  trace,  just  beneath  the  time 
markings).  The  recording  is  unorthodox,  but  has  some  of  the  features  of 
recording  in  an  insulated  medium.  The  electrode  paired  against  the  micro- 
electrode is very likely the irregular  boundary of Ringer's  solution located at 
the  surface  of the  oil-immersed  heart  preparation;  the  Ringer  solution  itself 
being  an  extension  of the  previously  "indifferent"  electrode.  Each  complex 
in  the  uppermost  trace  is  diphasic.  The  deflections  are  oppositely oriented 
and  separated  by a  short isoelectric segment. 
Impalement  at  the  same  point  on  the  bundle  from  which  the  diphasics 
had  been  recorded  yielded  the  five  monophasic  complexes  shown  in  the 
lowest trace.  The durations of these complexes and of the diphasic complexes 
are  alike:  300  msec.  The  monophasic  curves  have  a  plateau,  which  is  pre- 
dictable from the presence of the isoelectric segment in the diphasic curves. 
The monophasic spikes were recorded when the microelectrode was plunged 
into  a  different  part  of the  ventricle.  Each  spike  has  a  duration  of slightly 
more  than  half that  of the  diphasic  curve.  If the  not unlikely assumption  is 
made that  the experimental  procedure in  this  case accidentally resulted in a 
disruption  of  the  electrical  continuum,  then  this  experiment  parallels  the 
preceding  one  in  which  mechanical  means  were  deliberately  employed  to 
isolate small groups of fibers from the large mass of the myocardium. 
Figs. 6A and 6B are microelectrode recordings from the Amphiuma ventricle. 
This  preparation  was not  beating  spontaneously  as in  the  previous cases.  It 
was driven  electrically from the atrium,  and  the  small  downward deflection 
seen lying just ahead of the action potential is the stimulus artifact.  The spike lO36  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  4 6  •  i963 
potential registered in Fig.  6A was obtained from a  small ventricular bundle. 
After recording several such spikes,  the microelectrode was transferred to the 
spongy mass  of the  ventricle proper and  the  typical  ventricular  action  po- 
tential was recorded (Fig. 6B). It was possible to make this transfer repeatedly; 
and each time the small bundle yielded the spike potentials, whereas the larger 
tissue mass  yielded the  plateau-shaped  complexes.  This experiment provides 
us with considerable confidence that the spike form is not an artifact. 
FIGURES 6A and 6B.  Microelectrode recordings from a thin bundle, and from the entire 
spongy ventricle,  respectively,  of Amphiuma. The downward deflection  preceding each 
action potential is the stimulus artifact. Figs. 6C and 6D.  Microelectrode recordings at 
two di.~terent  regions of another Arnphiuma ventricle.  "Make," "break" stimulus artifacts 
are apparent.  Calibration for all figures,  120 mv. Time, 200 msec. The heavy line just 
below or above the time marks is the zero level. Sweep is non-linear in Figs. 6C and 6D. 
Figs.  6C  and  6D  are microelectrode recordings from different regions in a 
spontaneously beating Amphiuma ventricle. After recording the initial complex 
in  each  figure,  the  ventricle  was  subjected  to  rapid  electrical  stimulation. 
From one region, only typical ventricular curves were recorded in response to 
single  break shocks  (Fig.  6C).  (Note that the duration  of the last complex  is 
the  same  as that of the first: 600 msec.)  From another region,  definite spikes 
were recorded in response to the make shocks, and abortive spikes in response 
to  the  break  shocks  (Fig.  6D).  The  duration  of the  last  complex in  this  se- 
quence is three-fourths that of the first. 
The  experiments  presented  so  far  furnish  considerable  evidence  for  the 
thesis  that  the  configuration of the  heart action potential is  contingent upon 
the  size and geometry of the tissue in which the microelectrode is imbedded. L. CHUR~E'," AND H.  OHSHIMA  Action  Potentials  from Heart Muscle  lO37 
Accordingly,  the  following  experiments were  designed  to  test  further  this 
hypothesis.  Large  tissue  masses  were  systematically separated  by dissection 
into adhering portions of unequal size. Recordings were made either singly or 
simultaneously from the large and from the small segments. It was anticipated 
that the smaller segments would yield action potentials of shorter duration in 
which the plateau phase would be less prominent or even entirely absent. 
FIOURE 7A.  Plan of dissection of ventricular endocardium of Amphiuma; hatched figures 
are holes. Figs. 7B and 7Bq  Microelectrode recordings from wide and narrow masses, 
respectively. Figs. 7C, 7D, and 7E.  Microelectrode recordings from wide and narrow 
masses, superimposed.  In Fig.  7C the smaller  transients  were recorded  from the  thin 
strip.  In Figs. 7D and  7E  the spikes were recorded  from the  thin strips. Calibration, 
120 inv. Time, 200 msec. The heavy line just below the time marks is the zero level. 
The general plan of dissection of the ventricle is shown in Fig.  7A,  where 
the  myocardial mass  was  sliced  into  three  adhering  strips  of different sizes. 
Figs.  7B  through  7E  each  contains  two sets  of recordings.  In every case  the 
complexes of longer duration were obtained from one or the other of the two 
larger and wider strips, while the complexes of shorter duration were recorded 
from  the  narrow  strip.  A  complete  gradation  of  action  potential  curves 
ranging  from  those  characteristic  of heart  muscle  to  those  characteristic  of 
nerve  fibers is  illustrated  in  the  records  obtained  from the  thin strip.  So,  in 
Figs.  7B  and  7B'  the  action  potential  recorded  from  the  narrow  strip  (Fig. 
7B') is of a  shorter duration, but the plateau is still very obvious and the  tail 
of the falling limb is much like that of the wider complex. In Fig. 7C the action 
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and failing limb are quite different from those of the wider complex. In Figs. 
7B  and  7C,  all  the  complexes retain  the  general appearance  of ventricular 
action potentials. In Figs. 7D and 7E, the complexes recorded from the narrow 
strip definitely have the spike configuration. 
A slightly different procedure was used to obtain the records shown in Figs. 
8A through 8D.  In this instance two complete recording units, including two 
preamplifiers and two microelectrodes, were employed simultaneously. These 
were  first  used  to  record  from  the  intact ventricular preparation.  Typical 
ventricular action potentials were registered on the two beams in each experi- 
FIGURES 8A and 8C.  Simultaneous microelectrode recordings from the  spongy ven- 
tricle of Amphiuma using two recording systems. Figs. 8B and  8D.  Recordings made 
after slicing  ventricle around microelectrodes. Spikes are recorded from the thinner strips. 
Disregard resting potentials. Calibration, 120 my. Time, 200 msec. 
ment (Figs. 8A and 8C). Then, with the electrode still imbedded in the tissue, 
the ventricle was sliced so that one electrode was left impaled in a narrow strip 
at the side, while the other remained impaled in the larger tissue mass. Figs. 
8B and 8D show that little change occurred in the records obtained from the 
larger masses,  but  that spikes were registered from the narrow strips where 
previously plateau-shaped action potentials had been recorded. 
The experiment that yielded the complexes of Fig. 2 may be regarded as a 
variation of these experiments in which dissection is employed m  obtain tissue 
masses of different size.  For,  in  that experiment, microscopical observations 
revealed that there was a  progressive destruction of the fiber population all L. CI-IURNEV ANn H. OHSHIMA  Action  Potentials  from Heart Muscle  IO39 
during the recording, as  a  result of the movements of the microelectrode in 
response to the heart beat.  So, in each series of complexes, and especially in 
Figs.  2A and 2C,  the final recordings were in reality derived from a  smaller 
bundle than was in existence initially. 
It may be mentioned in passing that the literature already contains several 
references to the effects of tissue size on the configuration of the heart action 
potential. In a  study devoted expressly to the subject  (24), it was stated that 
the height and duration of the action current curves of a toad's atrial strip were 
decreased as the length of the strip was reduced in steps from 26 to 3 mm. 
FmURE 9A.  Single ventricular fiber of Amphiuma, isolated by teasing endocardium. 
X 140. Fig. 9B.  Microelectrode  imbedded in nucleus  removed fromheart fiber. Fig. 9C. 
2-fiber atrial strand; microelectrode  imbedded in nucleus. N, nucleus. E, microeletrode. 
Figs. 9B and 9C. )<  150. 
Nature  herself has  provided  us  in  at least one  case  with a  cardiac  tissue 
which exists normally as two masses of unequal size.  In mammals  the right 
atrium is generally larger than the left. Microelectrode studies of the guinea 
pig atria carried out in situ revealed that the duration of the right atrial action 
potential was greater than that of the left (22).  Previously, a  similar observa- 
tion had been reported for the action current curves obtained from the two 
dog atria  (25).  We have corroborated these findings for the atrial action po- 
tentials of the dog heart, recorded in  situ by a  new type of suction electrode 
which provides resting and action potentials equal to those recorded by micro- 
electrodes (to be published). 
A crucial experiment at this stage would be to record directly from a  single 
cardiac fiber under visual control with the microscope. Such an experiment is 
at least feasible in the case of the urodele preparations, in contrast to those of 
the frog or turtle, since individual fibers are discernible under the low powers 
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by teasing the atrial or ventricular myocardium with sharpened needles (Fig. 
9A).  Such fibers measure  13  #  in diameter and are  three  to four times the 
size of living  fibers of frog and turtle hearts.  The cells show a  marked granu- 
larity and only the faintest indication of cross-striations. The nucleus is located 
eccentrically, and  is  oval in  optical  section  (20  by  13  /~)  with its  long  axis 
lying parallel to that of the fiber. A  peculiar feature of single fibers obtained 
by dissection is that there are always great numbers of nuclei (?)  adhering to 
them. Such fibers have never been seen to contract actively, and no potential 
changes have ever been recorded upon impalement. 
FIGURES 10A  and  10C.  Arnphiuma ventricular  bundles injured by  microelectrode. 
Figs. 10A and  10C  X  140. Fig. 10B.  Microelectrode recordings from small, ven- 
tricular  bundle which ceased contracting  following impalement. Dead bundle was 
attached at the ends to several living bundles. Voltage, 5 inv. Time, 200 msec. 
In the atria 2-fiber strands can often be seen to link together much larger 
bundles.  Usually, each of these fibers possesses  two pairs of nuclei separated 
by  100  to  300  #.  Somewhere  in  the  intervening region presumably lies  the 
intercalated disc; which, however, is not discernible in the light microscope. 
It is  quite possible  that such strands would be  more or less  ideal for deter- 
mining the resistance of the intercalated disc. Fig. 9B shows a microelectrode 
impaling the nucleus of an atrial fiber, and Fig. 9C shows the microelectrode 
inserted in  a  nucleus which has  been  dragged out of the  cell.  No  electrical 
changes were observed. 
As already stated, we have been unable to record electrical activity from a 
single  fiber,  nor  indeed,  from  bundles  containing  fewer  than  five  fibers. 
Immediately upon  impalement a  large  resting  potential  is  recorded  which 
instantly diminishes to 5 my or less. Firing has never been positively identified 
apart from mechanical artifacts. Presumably leakage is too great (12).  Injury 
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become dark, swollen, and wrinkled (Fig.  10A).  In larger bundles the proto- 
plasm around the electrode has the appearance of a  clot  (Fig.  10C),  as de- 
scribed for skeletal muscle (13,  Fig.  72,  page 369).  Active contraction ceases 
simultaneously. We have been unable to determine whether contractility of 
the  regions  adjacent  to  the  site  of microelectrode impalement is  retained, 
because the motion conveyed to this region by the contractions and relaxa- 
tions  of other  parts  of the  heart  is  confusing.  Attempts  to  immobilize  the 
preparation  by means  of  excess  CaC12  or  hypertonic  solutions,  while  re- 
taining  electrical activity,  have  not  been  successful.  For  the  present,  then, 
we can only regret that experiments on "single" fibers, isolated under visual 
control,  cannot provide the decisive answer concerning the configuration of 
the elemental heart action potential.  On the other hand, we have never seen 
in  these  preparations  any  kind  of irritable  tissue,  other  than  myocardial, 
which could be responsible for the spike potentials seen in our records. 
A  record  (Fig.  10B),  taken in the course of impaling a  bundle containing 
fewer than  five  fibers,  has  furnished  evidence  that  the  microelectrode can 
register electrical activity at a distance, and from a very considerable number 
of cells. This particular bundle showed the degenerative effects of impalement 
and had ceased contracting at the time the recording was made. The fibers 
at either end of the bundle were seen to be attached to, and to become con- 
tinuous with, the fibers of much larger bundles. The record shows a  "resting" 
potential  of 5 my, and two action potentials of the same magnitude. The im- 
portant feature of these action potentials is that they are of long duration.  In 
view of the fact that spikes and notplateau-shaped action  potentials are evoked from 
such a  bundle,  the recorded potentials  can only represent the electrical ac- 
tivity of the adjoining living tissue: in this case, of the larger bundles to which 
the dead strands provided an internal, electrical connection. 
DISCUSSION 
The principal finding that we are reporting is that the smaller the cardiac mass 
impaled by the microelectrode, the less evident is the plateau of the recorded 
action potential.  Whereas some of the larger bundles and small tissue masses 
may yield plateaus as well as spikes, it is from the large tissue masses, and only 
the large masses,  that  the plateau-shaped  action potential  is  exclusively re- 
corded. In the other direction, the smaller the bundle, the more certainly the 
transients will bear a  spike configuration. We  concede that designating the 
spike as the elemental membrane response of a  single cardiac cell is an extra- 
polation,  since  we  are  unable  to  test  the  hypothesis  by  recording  directly 
from the isolated, single fiber. 
The following reasons may be given for believing that these findings are not 
artifacts of one kind or another:  (a)  typical responses  (Fig.  1)  are recorded 
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and forth,  of the microelectrode from a  small ventricular bundle to a  large 
one  yields transients  (Figs.  6A  and  6B)  bearing  the  specific  configuration 
ascribable to either the small or the large bundle;  (c) the monophasic curves 
registered by the microelectrode conform with expectations based upon the 
volume conductor records; and (d) mechanical activity is not involved, because 
the spikes are never recorded from the large tissue masses, and also because the 
resting potential is unchanged in recordings where there is an intermingling of 
spikes and the more typical, heart action potentials. 
The spike is probably the most universally encountered component of the 
heart action potential. First, it is discernible in several curves considered to be 
representative of various normal heart tissues  (frog atrium: 32;  dog  ventricle 
and papillary muscle: 14, Fig. 4-1, p.  77 and Figs. 4-3, p. 84; 28,  Fig. 8B, p. 
20;  Purkinje fibers:  28,  Fig.  8E,  p.  20,  and possibly others: 8,  Fig.  2Be,  p. 
330).  Second, it is  characteristically the sole electrical event recorded from 
small  bundles  of untreated myocardium  (this  report).  Third,  it  is  stated  to 
occur in conjunction with several types of small potentials following treatment 
with procaine (18), hypertonic solutions (11,  17, 21), and acetylcholine (32). 
Finally, it can occur as the sole electrical response following several of the 
experimental procedures just mentioned, as well as others (anoxia: 23; cardiac 
glycosides: 31 ; low sodium: 27; repolarizing currents:  I0;  and  other  proce- 
dures). 
The  interpretation  of  these  data  is  difficult.  The  orthodox  explanation 
would be that the microelectrode is recording the transmembrane potentials 
of several kinds of heart fibers.  So, failure of the microelectrode to remain 
seated in some one fiber could account for the recordings in which different 
action potential curves are intermingled (Figs. 2 to 4). This explanation would 
also  apply to  the fused  condition seen in the number 2  complexes of  Figs 
2A and 2B. On the other hand, it is difficult to understand why the electrode 
upon being dislodged does not record extracellularly, as is indicated by the 
unvarying  resting  potential;  or  why dissection  of  the  myocardium  should 
affect the shape of the action potential. 
Another explanation along classical lines is that the different action poten- 
tial  configurations  result  from  changes  in  the  ionic  conductances,  and/or 
cellular metabolism. Indeed, the spike-dome form of the action potential can 
be synthesized from the proper ionic conductances (20).  It is not clear how 
dissection  of the  heart  continuum  affects  the  membrane  properties  in  the 
way postulated, though injury currents might be important. 
A  different kind of explanation would be that the various action potential 
curves result from the asynchronous firing of discrete portions of the myocar- 
dium (2,  1  I). According to this theory the plateau type of action potential is 
not a unitary response, but rather is a composite of elemental spike potentials 
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the finding that the plateau form is recorded exclusively only from the large 
tissue masses, and that the spike configuration has an increasing probability of 
occurrence the smaller the tissue impaled by the microelectrode. The records 
in which an intermingling of different action potentials occurs (Figs. 3 and 4) 
are  explainable  on  the  basis  that  excitation  alternately  traverses  paths  of 
different length, thereby involving greater and lesser  prolongations of tissue 
activity.  Such  an  analysis  implies  that  the  microelectrode  acts  as  a  focal 
electrode, integrating  the electrical activities of many cells and over a  con- 
siderable distance; a  not unreasonable assumption just so long as  conclusive 
evidence is not available for attributing to the intercalated disc the property 
of an electrical barrier  (30). 
Unfortunately, insurmountable difficulties are immediately encountered in 
any attempt to reconstruct the plateau from the (presumed) elemental spike 
potentials. For one thing, it is required to generate an action potential with 
overshoot (the plateau type) from one characterized by lack of overshoot (the 
spike).  (The  spike with overshoot shown in  Fig.  6A is  exceptional.) Such a 
synthesis  must  perforce  involve  the  principle  of  summation.  Summation 
signifies that the amplitude of the curve at any instant in time depends on the 
sum of the relative contributions of all the elements active at that instant. On 
this basis,  the peak amplitude would be expected to depend upon the size of 
the  tissue  being recorded from,  which it  does  not.  Instead,  the maximum 
amplitude is  generally that  which is  predicted for an intracellular,  unitary 
response.  Another objection is  that  in  the  case  of several  heart  tissues  the 
overshoot has been shown to vary with a  change in the external sodium ion 
concentration (3, 28). Finally, the plateau should show a fused spike configura- 
tion.  Actually,  the  contour of the plateau in  all  published records is  quite 
smooth. 
The smooth contour of the plateau could perhaps be accounted for if the 
spike potentials were superimposed rather than summated, so that the curve 
represented the envelope of their peaks.  Superimposability signifies that the 
amplitude of the curve at any point in time depends entirely on the element 
which produces the greatest response, and is independent of the number of 
elements active at  that instant.  The principle of superimposability by itself 
cannot explain the overshoot. Also, unbelievably slow conduction velocities, 
impossibly devious paths, or undemonstrated recurrent excitation would have 
to be postulated to account for a monophasic response from a  1 cm length of 
tissue lasting 1 sec., or even longer. The most cogent reason for rejecting this 
hypothesis is that the rise time of the plateau-shaped action potentials is just 
too rapid  to  show the expected effects of spatial  and  temporal dispersions. 
After all,  the slopes of the rising  and falling phases  of the elemental spike 
potentials are not too different (Figs. 3, 4C, 5C). 
It might still be possible to retain the concept of the spike potential as the 1o44  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  46  •  x963 
fundamental  electrical  response  of the  single  heart  cell  by  postulating  the 
existence of some kind of slow potential  to act in conjunction with the spike 
in the electrogenesis of the overshoot and  the plateau.  (The spike postulated 
by other investigators  (11,  15,  32) is presumably different from that recorded 
in our experiments in that the former shows overshoot.) Of course, several of 
the objections stated in the foregoing discussion also apply here.  In any case, 
it is certainly puzzling  that,  ff a  slow potential  does exist,  there has  been no 
sign of it in our recordings. 
In view of the difficulties encountered in fitting the experimental results in 
the framework  of the various theories,  it is perhaps  understandable  why we 
have phrased the title of the paper in the form of a  question. 
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